This study examines the character of developing anabranched channel networks on the River Wear, north England using metre-scale aerial LiDAR. DSM-DTM interpretation reveals a well-developed vegetation structure and a locally diverse terrain, dominated by an interlinked channel network split by low elevation depositional areas with the gross morphology of the reach resembling that of a strongly active meandering / wandering channel suggesting that an anabranching network may develop within systems that were initially active meandering and 
Introduction
Anabranching and anastomosing rivers represent a major group of rivers that exhibit a multi-thread channel network divided by stable islands often colonized by woody vegetation and associated with wetland areas. Despite anabranching being the prevailing river pattern found along alluvial tracts of the world's largest rivers, it is the least understood channel type (Jansen and Nanson, 2004) . Major differences exist concerning their definition (see Carling et al., 2014 for a review), and the causes of their existence (Kleinhans et al., 2012) . We follow the scheme of Nanson and Knighton (1996) who treat all non-braided multi-thread channels as 'anabranching', using the term to describe both low (sand-dominated) and high energy (gravel-bed) multi-thread systems in their six-fold channel classification. These workers identify two classes of gravel-dominated anabranched systems (Types 5 and 6); one of which is laterally active. The active (Type 5) channels are analogous to wandering channels (Desloges and Church, 1989) , in that they often exhibit a less stable, dominant channel with multiple (more stable) anabranches, and may also alternate between multi-and single-thread reaches. These channels may be initiated by enhanced sediment supply, and log jams, and substantial lateral activity is often a feature. Nanson and Knighton (1993) also suggest that this type of anabranching may be driven by the needs to maintain bedload transport efficiency. Avulsion channels may form on the floodplain and fill with sediment to form large bars that become colonised with vegetation (Nanson and Knighton, 1996) .
Type 6 anabranching channels are more stable and form through log jams or sediment accumulation. The Wolsingham site is a high energy multi-thread gravel-bed river, with vegetated islands displaying the character of type 5 and type 6 anabranched channels to describe the study site used in this paper.
Anabranched river channels in the UK were arguably the dominant channel type before historic channel management practice led to their loss, with most lowland medieval rivers either inactively meandering or anabranching (Lewin, 2010) . For example, Lewin (2010) presents cartographic evidence for anabranching morphology for tributaries of the lower Thames, specifically the Rivers Coln and Lea. Large and Petts (1996) also report historic anabranching for reaches for the River Trent in
Nottinghamshire. Anabranching rivers are rare in the UK today and channel and floodplain management practices are inhibiting their development through vegetative succession suppression. However, there is evidence of a return to an anabranching channel form on a number of UK rivers, and this appears to be coincident with cessation of intensive floodplain management practice loci (Heritage et al., 2016) .
No process-based studies on anabranching systems in the UK are available in the literature, possibly reflecting their rarity. On some UK rivers, localised anabranching systems can occur in locations where river-floodplain interaction has been allowed to occur unimpeded. They exhibit a stable multi-channel planform separated by well vegetated bars and islands, however they have developed on moderate to high energy gravel-dominated rivers (sensu Nanson and Knighton, 1996) unlike the lower energy anastomosing systems transporting cohesive sediments more commonly reported in the literature (Makaske, 2001) . This paper investigates the energy regime of an anabranching reach of the River Wear, compared with an adjacent single-thread channel, contrasting the hydraulic forces acting to control the character of each system. A 2D hydraulic model is developed to simulate these changes across the flow regime.
Methods

Study site characteristics
The study focused on a 1.5 km reach of the upper river Wear at Wolsingham, County
Durham, UK, situated at around 140 m AOD (Figure 1a) Wolsingham is dominated by two late glacial and three Holocene terraces (Moore, 1994) . The river bed at Wolsingham has a mean channel gradient of 0.007 m/m. Remote Sensing Information
Interrogation of the 1 m resolution LiDAR DTM for the study reach, sourced from the UK EA Geomatics group, reveals a well-developed channel network, not at first visible from the DSM and aerial imagery (available for 1951 (available for , 1957 (available for , 1971 (available for , 2007 (available for , Wishart et al., 2008 Googlearth, 2016) of the reach due to dense riparian vegetation cover (Figure 1b, c) .
Hydrological data Figure bed to be worked, and encouraging former pits to be refilled with sediment (Wishart et al., 2008) . Cessation of gravel mining from the river at the site in the 1950s has allowed natural processes to operate with recovery towards a stable wooded anabranched system consisting of a dominant channel and multiple secondary channels. This unmanaged naturalisation of the watercourse developing a wellconnected floodplain area across the former widened mined reach is a key factor behind the historical channel recovery shown in Figure 4 . The multiple secondary channels are not evident when viewing the 2007 aerial photograph due to dense woodland development, however they are visible on the LiDAR DTM (Figure 1b) .
Away from the mined reach progressive channel incision has disconnected the single thread channel from its floodplain.
Figure 4
There is a good historic record of morphodynamism for study reach that dates back to the early Tithe maps of 1839. Wishart et al. (2008) Hydraulic modelling CAESAR-Lisflood (version 1.4) was used in reach mode to simulate depth-averaged hydraulics (Coulthard et al. 2013) . The hydrodynamic flow model is based on the Lisflood FP code (Bates and De Roo, 2000) , that conserves mass and partial momentum, and simulates in-channel hydraulic processes. Although Lisflood FP is primarily used as a flood inundation model it has also been used to examine channel morphodynamics (Wong et al., 2015) . The LISFLOOD-FP component of CAESAR-
Lisflood is a one-dimensional inertial model derived from the full shallow water equations that is applied in the x and y directions to simulate two dimensional flow over a raster grid (Coulthard et al., 2013) . As such CAESAR-Lisflood simulations must be regarded as only a first approximation to the problem, however Bates et al.
(2010) and Neal et al. (2011) demonstrated that the model was capable of simulating flow depths and velocities within 10% of a range of industry full shallow water codes.
Their simulations of gradually varying flows, revealed that velocity predictions were 'surprisingly similar' between the models and they suggest that Lisflood-FP model may be appropriate for velocity simulation across a range of gradually varied subcritical flow conditions.
Bare-earth LiDAR, sourced from the EA Geomatics group was used to produce a 1-m DEM for the study reach ( Figure 1b ). Surface grain size for the study reach measured using grid-by number sampling (Wolman, 1954) , revealed a reach D50 of 65 mm, D84 of 107 mm, and D99 of 175 mm; generally coarser than the bulk sample grain size reported by Wishart et al. (2008) . A general Mannings 'n' grain scale roughness value of 0.03 was calculated using the Strickler equation (n=D
where D is the D50 surface grain size, and this was used in the simulations. Table 1 Figure 5
The strand line is composed of fragments of woody vegetation that have collected in the low energy lee zone after the bridge abutment and was locally well defined Depth average velocity output from each simulation was then used to estimate point shear stress (! " ) using Wilcock's (1996) equation
where the shear velocity , is water density, is depth average velocity, is von Karmens constant (taken to be 0.4), is the base of the natural logarithms, is local water depth, is an estimate of bed roughness. Under appropriate flow conditions an estimate of termed may be derived using (1), using simulated values of and . When both grain and form roughness exist, is the total drag composed of both form drag and skin friction (Wilcock, 1996) . Using this approach, Wilcock (1996) found that local bed shear stress was estimated to within 3% of that measured where relatively simple flow geometries were involved.
Predictions of depth and shear stress were computed at a 1 m 2 resolution across the channel and then were visualised in SURFER ( Figure 6 ) Comparisons were made between the anabranching upstream reach and the downstream single-thread reach.
Unit shear stress (shear stress per unit area) and total shear stress (summation of shear stress values for channel segments) were calculated using the 1 m 2 2D
hydraulic model outputs for each of these sub-reaches for the full range of simulations, in order that comparisons in energy between the two channel styles could be made. 
Results
Flow depth and shear stress patterns 
where % is the critical dimensionless shear stress (0.047), ' ( is the sediment density,
' is the fluid density, g is acceleration due to gravity, and , -. is the median surface grain-size. Typically shear stresses did not exceed 100 N m -2 in the anabranching sub-reach, and suggest partial mobilisation of material up to the D50, however was insufficient to mobilise grain sizes of the D50 and above ( , the tail end of the secondary channel system, just before it rejoins the primary channel, does appear to show potential for bed scour. The spatial patterns shown, suggest that bed material fed in to the secondary channels from upstream, is likely to stall in the channel network, whilst the downstream end may see some headward progressing incision.
In effect the secondary channels are in disequilibrium with the rest of the system, and both these mechanisms provide potential pathways for avulsion. The primary channel running through the anabranched section, generally appears efficient at mobilizing bed surface sediments. 
Discussion
Research focused on the hydraulic characteristics of anabranching channels are limited (e.g. Harwood and Brown, 1993; Jansen and Nanson, 2004; Makaske et al., 2009) , with the majority of studies focussing upon the morphodynamics of these systems (e.g. Knighton and Nanson, 1996; Makaske, 2001; Burge, 2006; Huang and Nanson, 2007; Kleinhans et al., 2012) . This paper has compared the hydraulic ; a value well below the traditional bankfull return period occurring on 5 days/yr on average (Hey, 1975) .
Anabranching channels typically flood overbank more frequently than single-thread channels, resulting in greater sediment delivery to floodplains and island-ridges flanking the anabranches (Jansen and Nanson, 2004) .
Unit shear stress results for the study site also suggest a marked contrast, with the anabranching reach rapidly dissipating energy across the multithread sub-channel network during elevated flows. Jansen and Nanson (2004) report similar observations for Magela Creek, and suggest that anabranching morphology is more efficient at using excess energy at high stage, through dissipating the energy over the multiple channel network, where it is met with higher roughness in comparison with single-thread channels. Interestingly Jansen and Nanson (2004) Shear stresses in the anabranched section do not appear competent enough to mobilise the surface D50 at peak flows throughout the network of secondary channels. However evidence from the fluvial audit (Figure 3a) indicates that some bedload is fed into, and deposited in some of the secondary channels suggesting a degree of transport and potential slow aggradation. Huang and Nanson (2007) have shown that increasing the number of channels without adjusting channel slope can lead to a proportional decrease in flow efficiency, and hence sediment transport capacity. It is likely that the secondary channels in the anabranching section at
Wolsingham are aggradational, and hence in disequlibrium (sensu Makaske et al., 2009) . Aggradational disequilibrium anabranched systems may transport and stored sediment through a continual process of channel creation and old channel abandonment (Huang and Nanson, 2007) It would appear that the anabranched reach at Wolsingham has developed following the cessation of intensive channel management (gravel extraction, grazing and wood management), allowing barforms to stabilise through vegetative succession. A diverse mosaic of vegetation can potentially develop, an observation shown for wandering channel morphology on the river Feshie by Gilvear and Willby (2006) .
The diversity in hydraulic conditions modelled for the Wolsingham site have the potential to support an unusually varied biota and range of environmental processes (Naiman and Dechamps, 1997) .
The overall evidence from our 2D hydraulic modelling suggests a hydraulic regime broadly commensurate with sediment transport processes, however more extreme flows display a hydraulic diversity which promotes morphological change, enhanced by the local hydraulic effects of the vegetation, for example dead wood (Gurnell, 2014) . It is clear that bedload can be fed in to the anabranches at high flow, which could induce avulsion, through channel blockage, erosion and activation of new channels through existing islands or floodplain.
Locally anabranching sections on rivers appear to be important for regulating energy along the river long-profile. Although our work suggests local disequilibrium within the anabranched section itself, when the full reach is considered, including the single-thread section, the anabranched section could be important for maintaining channel stability. Referring to the Columbia River, Huang and Nanson (2007) suggest that anabranching may be the most efficient means of accomplishing Tables   Table 1. Comparison of measured and simulated water elevations for the study reach (m) 1 9 6 0 1 9 6 3 1 9 6 6 1 9 6 9 1 9 7 2 1 9 7 5 1 9 7 8 1 9 8 1 1 9 8 4 1 9 8 7 1 9 9 0 1 9 9 3 1 9 9 6 1 9 9 9 2 0 0 2 F9
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